Sugarcane vinasse is one of the most polluting residues produced by Brazilian ethanol industries, mainly because of its harmful effects on the environmental, such as high organic matter load and acidity. Anaerobic digestion is a highly efficient wastewater treatment method that could potentially be used to treat sugarcane vinasse. This study examined the anaerobic biodigestion of sugarcane vinasse in mesophilic conditions (30 -45°C) by varying the inoculum concentration (0.5 to 5.5%) and pH (6 -8). Changes of Chemical Oxygen Demand (COD), total solids content, and yield and composition of biogas after the biodigestion of the vinasse were assessed. The vinasse was efficiently digested under mesophilic anaerobic conditions over a 23-day Hydraulic Retention Time (HRT) and a 5-day acidogenic phase with a consequent reduction of COD (54 -83%) and total solids (52 -87%). Statistical analyses at a confidence level of 95% suggested that temperature, pH and inoculum concentration did not influence on the anaerobic biodigestion of the vinasse. The optimal operating parameters were found to be temperatures of 30 -35°C, inoculum concentration of 0.5% and pH of 6 -7. The results emphasize the promising use of the treated sugarcane vinasse as a biofertilizer for agriculture, indicating that the anaerobic digestion process is an excellent alternative for Brazilian ethanol industries.
INTRODUCTION
The growing public concern over the preservation of the environment has stimulated a worldwide search for more sustainable agricultural procedures and alternative sources of energy. Nevertheless, only a few countries have a plenitude of natural resources to produce large amounts of energy crops without jeopardizing their food production capacity. Brazil, for example, has developed a very modern sugarcane industry for ethanol production over the last 30 years. The country has a territory of 851 million hectares with climate conditions highly suitable to the production of massive amounts of sugarcane with minimal need for irrigation (Leite et al., 2009) .
Sugarcane is cultivated in more than 100 countries around the world. However, 80% of sugarcane production is concentrated in 10 countries, among which Brazil is the leader in terms of cultivated area and ethanol industry scale (Doll and Foresti, 2010) . The annual production of ethanol in Brazil is 28 million m 3 (UDOP, 2014) which, when combined with the corn ethanol production of the United States, comprises about 70 -80% of worldwide ethanol production (Vian, 2015) .
Industrial processing of sugarcane results in the generation of large amounts of wastes such as bagasse, ashes, vinasse, and other liquid and gaseous residues (Doll and Foresti, 2010) . The retrieval of energy and the production of diverse products, including the reuse of wastes, would be an application of the currently important concepts of biorefinery and sustainability for the Brazilian ethanol industry (Moraes et al., 2015) .
Sugarcane vinasse, also named distillery water or stillage, is an aqueous byproduct resulting from ethanol distillation. The vinasse is commonly produced at a volume approximately 10 -20 times greater than the volume of ethanol. The vinasse usually exhibits high pollutant content mainly characterized by its low pH, high corrosion ability, and large organic matter content (Kapajaru et al., 2010; Christopholetti et al., 2013; Silva and Abud, 2014; Moraes et al., 2015) .
Anaerobic digestion has emerged as an alternative waste treatment method to the aerobic digestion processes mainly due to its higher organic matter degradation rate, little sludge formed, and production of energy through the synthesis of biogas, in addition to producing biofertilizers as an end product (Mohana et al., 2009) . It has been widely used to treat municipal sludges and industrial effluents, this latter still with certain limitations (Chen et al., 2008) . Anaerobic biodigestion is a process by which organic residues and effluents are biologically transformed in the absence of oxygen. It is a complex treatment approach that has a specific bioactive population divided into four different stages: hydrolysis, acidogenesis, acetogenesis, and metanogenesis (Lastella et al., 2002) . This complexity has imparted a strong Rev. Ambient. Água vol. 11 n. 4 Taubaté -Oct. / Dec. 2016 dependence of the anaerobic biodigestion on various factors, including temperature, pH, organic matter loading, and the presence of hazardous substances (Rajendran et al., 2012; Lastella et al., 2002) .
With respect to sugarcane vinasse, the use of anaerobic digestion as a treatment method has been rare due to the fact that the majority of the vinasse quantity has been used at an "in nature" state for the fertirrigation of sugarcane plantations. The vinasse has been directly applied to the soil because of its valuable phosphorus content, even though the long-term effects of this activity are still unclear, and the transportation costs are high (Christofoletti et al., 2013) .
The application of anaerobic biodigestion technologies to treat sugarcane vinasse has not been shown to be advantageous because of the small gains involved in the use of biogas to generate electricity. It is now receiving more attention mainly due to environmental gains, but scientific progress on this topic is still unsatisfactory, with several questionable or conflicting studies (Moraes et al., 2015) . An earlier report on the economic and energetic aspects of the anaerobic biodigestion of vinasse in sugarcane processing factories pointed out the considerable gains in terms of electricity or co-generation as well as alternative vehicle fuels. The energetic potential of vinasse, which has been lost by application of the "in nature" vinasse to soil, was comparable to the electrical demands of some cities, the generating capacity of some hydroelectric plants, and, in some cases, exceeded the energy obtained from combustion of the sugarcane bagasse. Therefore, the sustainability concepts involved in the anaerobic biodigestion of the vinasse must still be better explored in sugarcane biorefineries of Brazil (Moraes et al., 2014) .
Due to the possibility of soil contamination and imbalance of physicochemical and microbiological characteristics, anaerobic digestion could potentially be used to treat the vinasse, mineralizing this byproduct while virtually maintaining its nitrogen, phosphorus and potassium (NPK) contents unchanged (Amon et al., 2006; 2007; Cruz et al., 2013) . Even though the salt content, which is one of the main toxicity aspects of the continuous use of vinasse in fertirrigation, needs to be adjusted by dilution, it can generate considerable impact to the environment if handled improperly in addition to the fact that the management of salt concentrations is adjusted depending on the type of soil (Alves et al., 2015; Vadivel et al., 2014; Christofoletti et al., 2013) .
Numerous approaches have been used to increase the efficiency of the anaerobic digestion process, especially the variation of operating conditions such as temperature, hydraulic retention time (HRT), pH and concentration of solids (Yadvika et al., 2004) . Regarding temperature, the anaerobic biodigestion is generally classified into psychrophilic (<30°C), mesophilic (30 -45°C) and thermophilic (50 -60°C) processes. Thermophilic anaerobic biodigestion has been considered to be more efficient for degradation of organic matter compared with the mesophilic processes (Yadvika et al., 2004) , since a larger yield of biogas can be obtained. However, anaerobic processes involving effluents with high organic matter loading generate large amounts of acid compounds, which can hamper the methanogenesis stage, especially when the organic matter is comprised of simple (non-recalcitrant) substances, such as cellulose, hemicellulose and lignin (Doll and Foresti, 2010) .
The present work examined the characteristics of biofertilizers and biogas obtained by anaerobic biodigestion of sugarcane vinasse under mesophilic conditions (30 -45°C). Operating parameters such as temperature, concentration of inoculum (bovine manure) and pH were studied by statistical methods in order to gain deeper insights into the biodigestion process and influence its development.
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MATERIAL AND METHODS

Obtaining and characterization of sugarcane vinasse
The sugarcane vinasse was kindly supplied by the Cachoeira biofuel plant and all experiments were conducted at the engineering chemistry laboratory of UFAL, both located in Maceió (AL), Brazil (latitude 9.40 S; longitude 35.43 W). Freshly generated vinasse was collected and transported in cold vessels to the laboratory where it was stored in plastic bottles in a refrigerator for further analyses. The vinasse was characterized in terms of pH, volatile and fixed total solids, chemical oxygen demand (COD), total nitrogen, ammoniacal nitrogen, chloride and phosphorus content, total acid content, and density, following the Standard Methods for Examination of Water and Wastewater (APHA, 1995) .
The pH measurements were done with a potentiometer calibrated with pH 4.0 and 7.0 buffer solutions. The total solid content was determined using a gravimetric method considering the difference of vinasse mass before and after drying at 105°C. The total fixed solid content was determined after calcination at 550°C for 1 h. The volatile solid (VS) content was calculated as a difference between the total solid content and the total fixed solid content. The COD analyses were performed by UV-Vis spectrophotometry by using potassium dichromate as an oxidizing agent under acidic condition and high temperature. The analytical curve used in the COD quantifications was obtained with potassium biphthalate solutions with various concentrations. The phosphorus content was determined using the ascorbic acid method by previously digesting the vinasse with concentrated acid. Potassium phosphate solutions with different concentrations were used to obtain the analytical curve. The chloride content was determined by the Mohr's method using standard 0.01 N AgNO 3 solution and 5% potassium chromate solution as an indicator, while the total acid content was determined by acid-base titration using standardized 0.1 N NaOH solution and phenolphthalein indicator (1%). The total and ammoniacal nitrogen contents were determined by the Kjeldahl method. All analyses were carried out in triplicate with exception of the COD determinations.
Biodigestion trials
The experiments of biodigestion were carried out using bovine manure as an inoculum. Plastic flasks (0.6 L working-volume and 0.2 L of headspace, according Angelidaki et al., 2009 ) with screw top lids were arranged with two openings at their top; the first one was used to drive the biogas to syringes, which served to store and quantify the gas through the displacement of the piston, and the second opening was used to collect aliquots daily as well as to adjust the pH with 40% NaOH and 20% H 2 SO 4 solutions over the acidogenesis phase. The reactor heating was provided by a water bath Nova Técnica NT 235. The flasks were shaken manually once a day, just for sample collection.
The experiments were executed according to a full 2 3 factorial design with three repetitions at the central point (Table 1) . The variables temperature, inoculum concentration, and pH were studied with respect to their influence on the COD, biogas formation, and total phosphorus and nitrogen contents. The ending of biogas production (constant formed biogas volume) was used as a criterion to interrupt the biodigestion assays. Samples were collected daily in order to evaluate the variation of pH which was further adjusted to the value required for each experiment.
The inoculum concentration is important to the process and varies according to the material used for activating the microbial population (Raposo et al., 2012) . In fact, the type of inoculum affects the microbial population in the process, as well as the difference in physico-chemical composition and biogas production capacity (De Vrieze et al., 2015) . Manure has about 80 g manure VS/kg (Barros et al., 2009) . In this study, the manure was Rev. Ambient. Água vol. 11 n. 4 Taubaté -Oct. / Dec. 2016 used between 0.5 -5.5% as inoculum, with load between 10 -100 g vinasse COD/g inoculum VS (50 as an average value) or g vinasse VS/g inoculum VS, based on De Vrieze et al. (2015) studies, to evaluate the interaction of various inoculum concentrations in the biogas and biofertilizer production. 
Physical-chemical and microbiological characterization of the biofertilizers
The solid products obtained in the biodigestion experiments were characterized by volatile solid content, total fixed solid content, COD, total nitrogen content, and total phosphorus content analyses, and a comparison of these parameters with those of the "in nature" vinasse was performed.
The analysis of coliforms was conducted by the most probable number (MPN) technique in three series of three tubes (United States, 2001 ). The presumptive test was done by inoculating the samples in Lauryl sulphate tryptose growth medium (LST, Acumedia ® ) distributed into test tubes containing inverted fermentation Durham tubes. The samples were inoculated for 24 and 48 h at 35.5°C. Afterwards, the test tubes showing a positive result (medium turbidity and gas formation) were used in confirmatory tests in which samples were inoculated and incubated in brilliant green bile broth 2% (VB, Merck®) for 24 and 48 h at 35°C, and in Escherichia coli agar (EC, Acumedia®) for 24 h at 44.5°C to detect total coliforms and thermotolerant coliforms, respectively. All growth media were prepared according to the manufacturers' protocols.
Concentration of carbonic gas and methane
The quantification of CO 2 was carried out using the biogas kit (alfakit) developed in collaboration with Embrapa Swine and Poultry. The analysis was done following the method of Orsat with some adaptations. The concentration of CO 2 was determined by the precipitation of the gas with an alkaline solution. The concentration of CH 4 was estimated by Equation 1.
%CH 4 Theoretical = 100 -%CO 2
(1)
The concentrations of CO 2 and CH 4 were expressed as a percentage (%) with an accuracy of ± 5% and were supposed to be relative parameters because only the existence of both gases was taken into account in the calculations.
Statistical Analyses
Mean values of the data were compared using Tukey's test at confidence levels of 60%, 95%, and 99%. All statistical calculi were done with the "Statistica" software, version 8.0.
RESULTS AND DISCUSSION
Characterization of sugarcane vinasse and HRT of experiments
The physicochemical characterization of the "in nature" sugarcane vinasse is reported in Table 2 . It is seen that the vinasse exhibited parameters considered to be harmful to the environment, mainly the high COD, low pH and large total solid content (Salomon and Lora, 2009; Moraes et al., 2015) . The hydraulic retention time (HRT) of the biodigestion assays was 25 days, but there was no significant production of biogas after 15 -20 days. Accordingly, this time range was considered to represent an ideal HRT for anaerobic biodigestion of the vinasse.
Similar HRT values have been reported in the literature, but with regard to the biodigestion of other residues, for example vegetable waste (20 days) (Bouallagui et al., 2003) , and semi-solid organic waste (22.5 -33.7 days) (Lastella et al., 2002) . This later study pointed out that the production of biogas over 33.7 days was larger but not significant, and that the use of longer HRTs considerably increases the costs of production. Amaral et al. (2004) reported that a HRT of 40 days reduced the total solid content of bovine manure that underwent anaerobic biodigestion, but that it decreased the relative production of biogas which was inferior to that obtained with a HRT of 20 days. Souza et al. (2008) observed the same effect after shortening the HRT of anaerobic biodigestion of swine waste from 30 to 10 days. Silva and Abud (2014) examined the batch anaerobic biodigestion of vinasse using bovine manure as an inoculum and a HRT of 70 days, and verified that there was no significant decrease of the COD of the effluent after 20 days of biodigestion. One of the features of batch processing is the evident division between the acidogenic and methanogenic phases because the acid substrates that will be consumed in the second phase to form biogas are synthetized in the acidogenic phase (Bouallagui et al., 2005) . Figure 1 shows that the acidogenic phase started rapidly, with pH values decreasing to 4.5 -5 over the first 24 hours of biodigestion, and continued sharply for five days, which coincided with the beginning of the biogas production. The exponential phase started after 5 days of biodigestion (Figure 2) . This rapid production of acid substances can be attributed to the fact that the sugarcane vinasse does not contain recalcitrant organic matter (cellulose, hemicellulose, lignin, or complex proteins) and undergoes elevated temperatures (104 -107°C) in the distillation process.
Evolution of pH and biogas production
It was observed in Figure 1 that the biodigestion assays conducted at the highest pH (8.0) displayed the longer times for stabilization of the pH most likely because the majority of the microbial population of the biodigester is better activated in an optimal pH range of 6.4 -7.2. For pH values lower than 6.4, the acid compounds synthesized by the acidogenic bacteria cannot be used by the methanogenic bacteria because these require a higher pH (7 -8) to be totally activated. On the other hand, the biosynthesis of acids is inhibited under too high alkaline conditions, which could explain the longer acidogenic phase of the experiments conducted at pH 8.0.
With respect to formation of biogas, the biodigestion of the vinasse at 30 and 37.5°C resulted in similar contents of biogas, whereas larger contents were observed for some assays performed at 45°C (Figure 2) . The thermophilic biodigestion comprises advantageous high metabolic rates, but is a less stable process than mesophilic biodigestion and in addition requires heating (higher energy cost). The temperature effect on the thermophilic digestion is more significant in the hydrolysis step, especially when highly recalcitrant organic matter is used in the process (Bouallagui et al., 2004) .
The content of CO 2 ranged between 7.5% and 30%, indicating a theoretical CH 4 yield of 70 -92.5% with decreasing levels of CO 2 over the progress of the biodigestion. This reduction could be explained by the fact that CO 2 is used as a substrate to the synthesis of Rev. Ambient. Água vol. 11 n. 4 Taubaté -Oct. / Dec. 2016 CH 4 . Previous studies have reported an average yield of CH 4 in anaerobic biodigestion processes of 55 -70% (Rajendran et al., 2012; Amon et al., 2007; Bouallagui et al., 2004) . Thus, the greater theoretical CH 4 yield values found in this work can be attributed to other secondary gases (ammonia, hydrogen, hydrogen sulfide etc.).
The starting point of biogas production after the acidogenic phase is also related to the methanogenic microorganisms, which have slower growth than other types of microorganisms present in the biodigester. The growth time of methanogenic microorganisms varies between 5 and 16 days depending on the material undergoing biodigestion (Rajendran et al., 2012) .
It was observed that at 45°C the largest inoculum concentrations resulted in the lowest yield of biogas, possibly due to the saturation of solid (microbial) loading (6 -11% m v -1 ) at high temperatures. The biodigestion of the vinasse occurred normally for temperatures between 30 -37.5°C and solid loading between 6 -11%. Bouallagui et al. (2003) also reported an inhibition of the methanogenesis in the biodigestion of fruit and vegetable wastes with HRT of 12-20 days and solid loading of 10%. Paper wastes were also anaerobically digested with bovine manure (approximately 2% m v -1 ) at a solid loading of 4 -12% and an average temperature of 26°C, and the largest biogas yields were reached with the highest solid loadings (Yusuf and Nwaogazie, 2008) . Kapajaru et al. (2010) studied the anaerobic digestion of wheat straw vinasse and recommended the feeding of the biodigester in a manner that the solid loading would be sustained at 50 g L -1 . Nevertheless, the authors pointed out that the wheat vinasse had a COD of 150 g L -1 and a lignin content of approximately 75 g L -1 . Figure 2 . Monitoring of biogas formation and biogas quality.
Characterization of the biofertilizers
Physicochemical and microbiological parameters of the biofertilizer samples obtained in accordance with the 2 3 factorial design are shown in Table 3 . For comparison purposes, the equivalent data of the "in nature" vinasse (V * ) were also included in Table 3 . It is observed that the COD and total solid content of the biofertilizers decreased by 54 -83% and 52 -87%, respectively, in comparison with those of the vinasse. These decreased parameters have also been previously found in other studies which confirm the effectiveness of the biodigestion process in reducing organic loading of effluents (Lastella et al., 2002; Bouallagui et al., 2004 , Amon et al., 2006 Silva and Abud, 2014) . Statistically significant differences between the vinasse and the biofertilizers were also found with relation to the phosphorus content, total solids, fixed solids, and volatile solid contents (p < 0.01). However, the total nitrogen content of the vinasse and the biofertilizers were not statistically different (p > 0.01). It is finally reported in Table 3 that the biofertilizers presented low concentrations of total and fecal coliforms. Importantly, the total nitrogen and phosphorus contents slightly increased with the gaseous dissimilation (p > 0.01). This means that there was a reduction of organic matter of the vinasse without affecting its NPK content, which is the most important feature of the vinasse to be used in the fertirrigation of the sugarcane plantations. Therefore, the sustainable use of the biodigested vinasse as a biofertilizer could be advantageous for the Brazilian ethanol program, once generation both of biogas (energy gain) and biofertilizer (chemical gain) is involved in this approach.
In addition to the phosphorus and nitrogen content (which remained virtually unchanged), it is important to mention the potassium content and assume that the content remained stable. According to Salomon and Lora (2009) , the potassium content is around 1400 mg L -1 (K 2 O) and can be used in sugarcane cultivation since the sugarcane plant belongs in the group of high potassium-demanding plants (Clements, 1980) .
Only a few studies on the use of sugarcane vinasse as a biofertilizer in cultivated areas have been conducted in order to confirm its efficiency in agricultural productivity. Even though application studies of the vinasse have been performed through the last decades, it is worth mentioning that the use of "in nature" vinasse in fertirrigation is still controlled by Brazilian environmental agencies due to the risks mainly resulting from its high organic and salt loadings (Salomon and Lora, 2009 ). The present work demonstrates that these drawbacks of sugarcane vinasse could be mitigated by using the anaerobic biodigestion process to stabilize this effluent.
Regarding biodigestion temperature, it was found that the biogas yield and the parameters of the biofertilizers did not significantly change over the range 30 -37.5°C. These findings were considered useful because they indicate absence of heating during biodigestion of the vinasse. In tropical regions of Brazil, such as the Brazilian northeast, the sugarcane harvest periods and ethanol production involve these average values of daily temperature. Generally speaking, the operating temperature range for anaerobic digestion is in close association with the bioclimatic conditions, since heating relatively increases the costs of a production plant (Bouallagui et al., 2004) .
Statistical analysis of 2
3 factorial design biodigestion assays Statistical analysis of the results obtained according to the 2 3 factorial design allowed for the evaluation of the influence of temperature, inoculum concentration and pH on the main physicochemical parameters and microbiological characteristics of the biofertilizers as well as the yield of biogas. Taking into account the range of temperature (30 -45°C), inoculum concentration (0.5 -5.5% m v -1 ), and pH (6 -8), none of the variables and their interactions was statistically significant (p > 0.05) as shown in Figure 3 . This result can be considered positive because it reveals an operating range that does not significantly change the biodigestion process of the vinasse.
Although it is difficult to reach the temperature of 45°C without using a heating system, the use of a smaller amount of inoculum may be helpful to digest a greater volume of vinasse, but there is also the possibility of using both simultaneously in order to treat the surplus of manure. Despite the fact that the temperature and inoculum concentration did not significantly influence the biodigestion, they presented positive and negative influences on the process. Using a confidence level of 60%, a statistical significance was observed for nearly all variables and their interactions. It is difficult to provide a complete explanation for this result; however, it is assumed in this study that temperature, inoculum concentration and pH are not sufficient variables to model the anaerobic biodigestion of the sugarcane vinasse.
Thus, an operating temperature between 30 -35°C is suggested, as well as an inoculum (manure) concentration of 0.5% and a pH between 6 -7, as the best conditions for treatment of the organic matter, biogas production and process stability for the anaerobic biodigestion of the sugarcane vinasse. Considering that Brazil produces approximately 28 million m 3 of ethanol, which results in the generation of 280 million m 3 of sugarcane vinasse, the anaerobically biodigested vinasse would represent a sustainable gain for the Brazilian ethanol program, not only in terms of energy, by the production of biogas, but also in environmental terms due to the production of biofertilizers with diminished organic matter loading. The biogas produced from the anaerobic biodigestion of the vinasse could be used in the ethanol production plant to generate heat and electricity for the stages of distillation and evaporation or to the maintain the biodigester (in the case of opting to heat the biodigester throughout the process) (Kaparaju et al., 2010) .
CONCLUSIONS
The sugarcane vinasse was successfully biodigested under anaerobic conditions with a reduction of COD and total solid contents of 54 -83% and 52 -87%, respectively, with an HRT of 23 days and an acidogenic phase of 5 days. The biogas yield in most assays was similar, as well as the physical-chemical parameters of the biofertilizer. This was confirmed by statistical analysis, where the variables of temperature (30 -45°C), inoculum concentration (0.5 -5.5%) and pH (6 -8) did not differ statistically at a confidence level of 95%. The best operating conditions for biodigestion of the vinasse were found to be: temperature of 30 -35°C, inoculum concentration of 0.5% and pH of 6 -7. The total nitrogen and phosphorus contents of the vinasse remained the same or slightly increased after the biodigestion process, whereas the organic matter loading was substantially removed. These findings emphasize the Rev. Ambient. Água vol. 11 n. 4 Taubaté -Oct. / Dec. 2016 promising use of the biodigested sugarcane vinasse as a biofertilizer for agricultural applications, turning the anaerobic digestion of this residue into a sustainable gain for the Brazilian ethanol program.
